The influence of ambient temperature on exhaust emissions for an instrumented Euro 1 SI car was determined. A real world test cycle was used, based on an urban drive cycle that was similar to the ECE urban drive cycle. It was based on four laps of a street circuit and an emissions sample bag was taken for each lap. The bag for the first lap was for the cold start emissions. An in-vehicle direct exhaust dual bag sampling technique was used to simultaneously collect exhaust samples upstream and downstream of the three-way catalyst (TWC). The cold start tests were conducted over a year, with ambient temperatures ranging from -2°C to 32°C. The exhaust system was instrumented with thermocouples so that the catalyst light off temperature could be determined. The results showed that CO emissions for the cold start were reduced by a factor of 8 downstream of catalyst when ambient temperature rose from -2°C to 32°C, the corresponding hydrocarbon emissions were reduced by a factor of 4. There was no clear relationship between NOx emissions and ambient temperature. For subsequent laps of the test circuit the reduction of CO and HC emissions as a function of ambient temperature was lower. The time for catalyst light off increased by 50% as the ambient temperature was reduced. The results show that the vehicle used is unlikely to meet the new -7 o C cold start CO emission regulations.
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INTRODUCTION
In Europe, the USA and Japan passenger car emission regulations are for a cold start. However, this is defined at a summer's day temperature of 25 o C and much lower temperatures are experienced in winter in many areas of the world. The impact on air quality of these lower cold start temperatures has led to the introduction of a -7 o C cold start emissions test in Europe and the USA. In Europe all cities have to meet defined European air quality standards and must declare air quality management areas (AQMA) if they exceed these air quality standards. In an AQMA the city has to take action to determine the cause of the exceedence and has the power to introduce measures to reduce the emissions. In the UK nearly all cases where an AQMA has been declared has involved traffic pollution as the cause of the exceedence.
This project is part of a major study of real world emissions and the traffic control and road system impacts on real world vehicle emissions. In the present work the important influence of ambient temperature on urban passenger SI car emissions is investigated, as current data for legislated emission tests is all at 25 o C, which is rarely seen in the UK. The present work uses a low traffic density city street drive cycle that is similar to the ECE Urban drive cycle and is used to show that the in vehicle emissions sampling system that was used
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gives similar results to the ECE tests for a Euro 1 vehicle.
A Euro 1 vehicle was used as they are a still a significant proportion of the UK vehicle fleet and hence major contributors to air pollution in cities. Future work will investigate Euro 2, 3 and 4 vehicles. It takes about 16 years for 90% of vehicles sold in any one year to be no longer in use (1) and this period are becoming longer for modern vehicles. Thus the work on Euro 1 vehicles has significance in terms of their current use in city driving and hence their impact on air quality. It will be at least 2013 before 90% of Euro 1 vehicles are not a significant proportion of city traffic. This work on Euro 1 vehicles will also be the basis for future work on the influence of ambient temperature and vehicles that meet subsequent lower emissions standards.
It is well known that a SI engine in cold conditions has much higher exhaust emissions than one that is fully warmed up (2) (3) (4) (5) (6) (7) (8) . The new European passenger car emissions regulations has removed the first 40 seconds of idle period for the ECE driving cycle, in recognition of the importance of the cold start emissions. The new regulations also include -7°C tests for HC and CO emissions at cold start. It has to be addressed that Euro 1 cars were not developed to pass this cold test since developed prior to new -7°C regulation, and yet Euro 1 cars do cold starts at low temperatures in the real world. Extensive research had been undertaken in the past to investigate the influence of ambient temperature on exhaust emissions (2) (3) (4) (5) (6) (7) (8) , normally using legislated test cycles and CVS test procedures. It was found that exhaust emissions could be drastically increased, relative to 25°C, at cold ambient conditions. For instance, the hydrocarbon emissions were found increase by 650% at -20°C and carbon monoxide emissions by 800% (8) .
A cold start is very difficult to achieve at sub-zero ambient temperature conditions, especially when the vehicle is cold soaked overnight, as was done in the present work. o C ECE test regulations do not allow the use of block heaters that are common in very cold climates (9) . These are very effective and show that it is not the air temperature that is the main problem. The cold soak makes the oil, water, all metal surfaces and catalysts cold and it is the thermal energy required to heat these that is the main problem in cold starts (9) (10) (11) (12) (13) (14) .
A low ambient temperature reduces lubricating oil pumpability and increases the viscosity of lubricating oil (15) (16) (17) (18) (19) (20) . This results in higher mechanical losses and hence higher fuel consumption for an engine under cold start (15) (16) (17) (18) (19) (20) (21) . The fuel vaporization at the inlet port injection location is deteriorated due to the poor volatility of fuel at low ambient temperatures. The lower the ambient temperature, the richer the air fuel mixture that is required for a start up. The rich air fuel mixture results in incomplete combustion with excess fuel and thus increases carbon monoxide and hydrocarbon emissions, together with a further increase in the fuel consumption. The low ambient temperature also delays the light off of the catalyst, which is one of the most important reasons for high emissions at cold start.
The most convenient way to investigate the impact of the cold start and ambient temperature on exhaust emissions is to use an engine dynamometer test under specialized cold enclosure facilities. However, there are some limits for this sort of test, as they cannot represent the whole vehicle response to cold start, including gearbox and cold tyre effects. Although the legislated CVS test procedure can be included in a cold chamber, the cost of these is high and they are generally fully utilized for legislated test cycle work. Therefore, attention has been directed in this work on real world on road test in winter to complement dynamometer and CVS cold start tests (15) . This work uses the variation of ambient temperature through the year to enable real world emissions for the same urban drive cycle to be determined as a function of ambient temperature.
This work is the initial phase of a major research project RETEMM (Real-world Traffic Measurement and Modeling), which is part of the LANTERN research programme (Leeds health Air quality, Noise, Traffic, Emissions Research Network). One of the purposes of the RETEMM project is to investigate the emissions characteristics under real world driving conditions, including the influence of ambient temperatures, driving cycles, traffic conditions, vehicle technologies etc. Vehicles with different emission compliances will be investigated such as pre-EURO1, EURO1, EURO 2, EURO 3 and EURO 4.
EXPERIMENTAL
TEST VEHICLE -A Ford Orion petrol car was used, fitted with a port fuel injected 1.8 litre Zetec spark ignition engine with DOHC 4 cylinders 16 valves. The car was instrumented with 27 thermocouples which measured the air inlet, engine cooling and lubricating oil temperatures. In addition the exhaust metal, gas and catalysts temperatures as well as the ambient temperature were also measured. All temperature measurements used grounded junction mineral insulated Type K thermocouples. Table 1 identifies the thermocouples by number location and function. These numbers are used in the graphical presentation of the warm-up temperature results in realworld driving. Fig.1 shows the schematic view of the thermocouple locations on the test car and Fig.2 shows the outline of the data logging system that was used.
The total scan number was 480 during the 16 minutes of each test period, which was equivalent to one scan every two seconds. A Brantz International 2S Speed and Trip meter was used to measure vehicle's travel speed and distance, which was connected to a Daqbook/200 data logger along with all 28 thermocouples. The data logger was then connected to a Toshiba notebook PC. EXHAUST SAMPLING SYSTEM -Direct exhaust pipe samples were taken through unheated stainless steel tubes inserted just upstream and downstream of the TWC. The data by this direct exhaust sampling technique does not nee correcting for background as there is no exhaust dilution. The layout of the gas sampling system is shown in Fig.3 . Exhaust gas samples were taken simultaneously from both gas sample points and the samples were fed through the floor of the vehicle and through an ice traps for water and unburned liquid fuel condensation. The condensate could be used to separate the 'liquid' unburned hydrocarbons from the gaseous unburned hydrocarbons that passed through to the bag sample. The sum of the two hydrocarbon measurements added together gives the total hydrocarbons. The analysis of this condensate is not reported here, but its detailed GC and GC-MS analysis will be reported separately. This condensate allows a 200+ speciation of the VOCs that are condensable at the ice bath temperature. This work showed that the gaseous bag sample contained typically 70% by mass of the total unburned hydrocarbons. GC analysis of the bags was used to show that typically 10% of the bag hydrocarbons were methane.
After the ice bath water and hydrocarbon trap a particulate filter paper was mounted. This was used to provide a clean sample into the sample bags and also for particulate mass measurement and subsequent particulate analysis. The particulate analysis results using this system will be reported separately. Ahmad and Andrews (1998) have already used a similar system for SI particulate analysis on a Zetec engine on a dynamometer test bed.
After the particulate filter the dry clean exhaust sample was passed through a dry gas meter and then through a diaphragm pump to a 60 litre Tedlar (inert surface and light free) sample bag, where a gaseous sample for the whole sample period was collected. The sample diaphragm pump was not sensitive to exhaust gas pulsations so as to eliminate possible effect of exhaust pulsation during fuel cut off periods. The dry gas meter was required to quantify the filter paper mass in units of g/m 3 . Each bag was flushed out with nitrogen for about an hour. Test analysis showed that this procedure resulted in no residual gases that could be detected on the standard bag gas analysis equipment. The removal of water and condensable hydrocarbons in the ice bath condenser ensured that the high molecular weight hydrocarbons that often are difficult to remove from sample bags, did not reach the bags.
For each lap of the street test journey, a separate sample bag was collected upstream and downstream of the catalyst. For each cold start four laps of the street circuit was completed, changing the sample bags between each lap. For each cold start tests in the present work there were eight 60 litre gas sample bags that were immediately taken to the gas analysis system for conventional exhaust gas analysis.
It was a requirement of the present work that the impact of ambient temperature on the cold start phase of the emissions was resolved and this required that the emissions for the first kilometer of the cold start journey were determined in a separate bag. The gas analysis system required a sample flow rate of 20 litres per minute and it took a minute for all the analyzers to stabilize. The bag gases were then taken as the average of the gas analyzer outputs over the next minute. This resulted in a minimum requirement for a reliable bag gas analysis of 40 litres. It would be preferable if the bag sample could be collected by exhaust flow driven by the back pressure from the exhaust, as this would be proportionate exhaust gas sampling. Andrews et al (17, 18) have shown that reliable results can be obtained for longer bus and truck journeys using the exhaust back pressure sampling method with no pump in the sample circuit. However, this was for journey times of typically 30 minutes and the desired sample period in the present work was about three minutes for each bag.
The use of the constant flow gas sample pump in the present work was to ensure that sufficient gas sample were collected in a short time, which was not possible using the back pressure gas sample technique. The bag constant sample flow rate was 9-10 l/min and the exhaust mass flow rate was varying throughout the test period. The bag sample was thus biased, with more samples from the low exhaust mass flow parts of the test cycle (low power) and less sample from the high exhaust mass flow parts of the test cycle. However, in city driving in speed limited street areas, only a small part of the engine power range was used and hence this sample bias was not as large as for journeys that would use a greater proportion of the engine power range. The net effect of the non-proportionate sampling was to increase the CO and HC emissions and decrease the NOx emissions as these are generated more at low and high powers respectively. However, the results show that the HC, CO and NOx emissions are as expected for a Euro 1 vehicle at 25 o C cold start conditions. This indicates that the sample bias in this work did not have a major impact on the measurement of the ambient temperature effect under real world urban cold start driving.
At the time that this work was undertaken there were no commercially available reliable in-vehicle emissions analysis systems available. Such systems have recently been developed and two of these (FTIR and On Board analysis System) are currently in use for second by second analysis in this research group. Also in-vehicle emissions analysis systems have to be combined with an in-vehicle exhaust mass flow measurement system and these have only recently become available (21).
GAS ANALYSIS SYSTEM -The exhaust gas sample from the sample bags was analyzed using a conventional heated engine exhaust emissions analysis system using heated pumps and a heated FID at 180°C for total hydrocarbon analysis. A Chemiluminescence analyzer was used for NO and NO 2 analysis, a Servomex Paramagnetic analyzer for Oxygen analysis and a Hartman & Braun Uras 10E for CO, CO 2 , CH 4 and N 2 O analysis. As the bag sample was after a water and UC ice trap, all the samples were on a dry gas basis. All the concentrations were converted to a wet gas basis before conversion into mass emissions. The sample bag mean air/fuel ratio was also determined from the bag exhaust gas analysis by the carbon balance method. As this is a direct sampling technique and no exhaust dilution, data does not need correcting for background(Regulators do not allow any pollution entering the engine from ambient air to be deducted from the exhaust emissions).
MASS EMISSIONS -The sample bag emissions analysis was on a volumetric basis and this was converted into a mass basis using the conventional method for the computation of emission index (EI -g/kg fuel).
Where K is conversion coefficient, which is the ratio of molecular weight for a certain emission component to the whole emission sample gases C is the concentration of a certain component of the emissions on a volume basis A/F is the bag mean air/fuel ratio determined by carbon balance method based on wet gas analysis composition.
The gas concentrations were converted from a dry to wet basis prior to the calculation of the EI. The exhaust flow is not measured as not required by the calculation of the EI. If the concentration C was measured in ppm or % then the above equation has to be multiplied by 10
or 10 -2 respectively. The MW of the sample gases is close to that of air and does not vary by more than 1% for gasoline as the fuel, irrespective of the A/F. Thus for each emission component, K is a constant and is 0.555 for methane (HC measured as methane equivalent), 0.971 for CO, 1.595 for NO 2 (all NOx counted as NO 2 ), 1.526 for N 2 O and 1.526 for CO 2 .
The EI could be converted into emission units of g/km if the fuel consumption during the sample period was known. The accurate fuel consumption was not determined in this work for each bag sample, but the total fuel consumption over the four laps of the test circuit was determined by adding fuel to the tank to return it to the level at the start of the tests. All the test results are therefore presented in terms of an EI, as this was the measured mass emissions parameter. Comparison with the ECE emissions legislation levels will be made by converting these into an EI, using the published fuel consumption figures for the ECE test cycle for the Ford Orion. The results below show good agreement between the measured overall fuel consumption for the four laps of the test journey and those for the ECE test.
TEST ROUTE AND CYCLE -An urban driving cycle was designed and coded as LU-UDTC -The Leeds University Urban Driving Test Cycle. Fig.4 shows the route of the test cycle. Leeds metropolitan district has a high population density of around 1,300/km 2 and there is a network of roads with many 90 o turns and the test street circuit in Fig.4 is typical of congested urban street layouts. The car was started from the authors' engine dynamometer laboratory, which is close to a public road. The car was parked outside the laboratory and cold soaked in the open overnight.
The cold start bag sample was started at the same time as the car by switching the sample pump on immediately after successful ignition of the engine had been achieved; the cranking phase of the cold start was not sampled. This is as close as possible to the new Euro 3 test procedures as could be achieved in real world cold start driving. The vehicle was first driven about 70m to the public road, where it was then driven around the street test circuit shown in Fig.4 . This had a down hill and uphill portion in the top left part of the circuit in Fig.4 , the rest of the circuit was flat. There were 7 90 o turns in the circuit, 5 of them left hand turns.
At the end of each lap of the 1.45 km test circuit the vehicle was stopped in a car park and the sample bags were changed. Then the circuit was repeated. The first cold-start circuit was thus slightly different to the other three circuits. The main road to the right of Fig.4 was a very busy major road with one the highest traffic densities for an urban road in the UK. However, the traffic densities on the test circuit were much lower and the repeatability of each lap was not greatly influenced by differences in traffic loads.
The urban street test cycle was aimed at the simulation of the ECE15 urban driving cycle. Fig.5 shows the typical profile of the test cycle driving mode in comparison with the ECE15 mode. This shows that the urban test circuit was very close to the ECE urban test cycle in terms of the duration of each lap and the peak speed. Each of the four laps of the urban street test circuit was regarded as one phase of the test, similar to the four phases of the ECE test cycle. The first phase was under cold start conditions, as in the CE urban test cycle.
The distance traveled for each lap was 1.45 km, giving a total distance for the four laps of 5.8 km. It involved 18~21 gear changes for each lap, depending on the traffic conditions. The speed limit on these urban streets was 48 km/hr (30 mph) and the peak speed never exceeded this, as shown in Fig.5 . Each section of the route involved acceleration from a 90 o corner turn up to a peak speed close to the speed limit and then a deceleration to the next corner. Six or seven deceleration and acceleration modes were involved in each lap of the route. There were also short periods of idling between the laps due to traffic and changing the sampling bags. 
University Campus
Woodhouse
TEST PRECEDURE -The whole journey (4 laps) took about 14~16 minutes with cold start. Eight bags of exhaust samples were collected for each test, with two bags for each lap, one for upstream and one for downstream of the TWC. 
WARM-UP OF THE ENGINE AND EXHAUST SYSTEM
The engine out cold start influence on emissions is mainly due to the thermal inertia of the engine and the water and lubricating oil systems (9) (10) (11) (12) . The cold start influence on the catalyst performance is mainly due to the thermal inertia of the exhaust manifold, the downpipe and the underfloor catalyst. It was therefore important in this real world urban driving study of the influence of ambient temperature on cold start emissions, that the temperatures of the key engine and exhaust temperatures were recorded.
Two sets of typical results are presented below to show the comparison of engine and exhaust system between winter and summer. The coldest (-2°C) and hottest (31.5°C) ambient temperature test results are compared.
WARM UP OF COOLANT WATER AND ENGINE OILFigs.6-8 show the comparison of the warm up rate between winter and summer for the coolant water and engine lubricating oil. The results show that for LU-UDTC cycle in summer time the coolant water temperature reached the fully warmed-up value, when the thermostatic control valve opened, after four minutes. This was about five minutes earlier that that in winter. The lubricating oil temperature reached the full warmed-up value in ten minutes in summer, six minutes earlier that that in winter. The full warm up of the water was taken as when the temperature of the water outlet from the engine reached 88°C and the thermostatic valve opened. This caused the temperature to decrease as the cold water in the radiator was added to the cooling water circulation.
The warm up period of the lubricating oil was taken as when the lubricating oil reached 80°C. Two lubricating oil temperatures were measured (T20 and T21), one close to the surface of the lubricating oil (dipstick, T21) and one close to the bottom of the sump (T20). The top temperature is higher than the bottom as the oil from its circuit around the engine is heated and hence accumulates on the top of the sump oil level. The oil pump picks up cold oil from the bottom of the sump. Hence the true lube oil warm-up temperature is that for the bottom of the sump (T20).
The difference in these temperatures is shown in Figs. 7 and 8, which shows a much longer warm-up period for the oil at the bottom of the sump and a much greater difference in this temperature between winter and summer, than for the corresponding difference for the top of the sump oil temperature (T21). The comparison in Fig. 6 is for the top of the sump temperature (T21). This temperature difference between the top and bottom of the oil sump was also found in engine dynamometer warm-up tests (9) (10) (11) (12) (13) (14) . These results show that in summer the water is not warm until the middle of the second lap and in winter this occurs in the middle of the third lap. For lubricating oil in summer the bottom of the sump oil warms-up at the end of the fourth lap and in winter it is not warmed-up by the end of the fourth lap. For the short urban journeys that are common in cities such as Leeds with a high population density (1,300/km 2 ) these results show that the slow warm-up of the water and lubricating oil are a significant factor in the higher engine out emissions and fuel consumption under cold start, which are detailed below. Normally, the lube oil is unlikely to warm up in any short urban journey and this has a major impact on the higher fuel consumption in urban driving. o C and -2 o C ambient temperature the downpipe metal temperatures at the inlet (Tw22) and outlet (Tw24), which is just upstream of the catalyst connection flange. In these tests the engine exhaust port temperature was at least 350 o C within 10s of the cold start and never dropped below 450 o C after 60s from the -2 o C cold start. All these exhaust port temperatures are above the light off temperature of a catalyst. The slow light off temperature of a catalyst in a Euro 1 vehicle is thus due to heat losses in the cold manifold and downpipe. The cold manifold heat losses dominate initially, as shown by the downpipe inlet metal temperatures in Fig.9 , which are close to the manifold outlet metal temperatures. This shows that it takes 200s to reach 300 o C at 31 o C ambient temperature, by which time the exhaust port temperature is 600 o C. This is roughly the time constant for the thermal inertia of the exhaust manifold.
The downpipe has further thermal inertia and Fig.9 shows that after 200s from the cold start the wall metal temperature upstream of the catalyst is only 170 o C at 31 o C ambient temperature and 130 o C at -2 o C. It is this slow heating of the exhaust system walls that extracts heat from the exhaust and causes the catalyst inlet temperature to be well below its light off temperature.
Figs.10 and 11 show for winter and summer conditions, the front face and rear face catalyst substrate temperatures on the center line and left hand side. The two temperatures were very similar for each face, although at the rear face when the catalyst was lit off one of the thermocouples was 50 o C higher than the other, indicating a spatial non-uniformity in the activity of the catalyst. This occurred in the winter and summer tests. When the catalyst is active the heat release from the oxidation of hydrocarbons and CO increases the gas and substrate temperatures.
One method of determining the catalyst light off temperature is when the downstream catalyst substrate face temperature is greater than the front face temperature. Fig.6 shows that time that this occurs for the summer and winter test conditions. This time is approximately twice as long in winter as in summer.
Comparison with Fig.5 shows that the catalyst light off occurs just at the end of the first cold-start street circuit and in winter it occurs at the end of the second street circuit or about 3km. Many journeys in urban areas such as Leeds are less than 3 km and under these conditions Euro 1 vehicles in winter have little catalytic exhaust emissions clean up. 
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The gas temperatures were measured at the catalyst inlet (Tg14), between the two catalyst bricks (Tg15) and downstream of the catalyst (Tg16). The advantage of using these temperatures to determine the catalyst light off is that under cold start only the first catalyst brick is normally active, due to the lower exhaust mass flow rates at the low powers of the cold start urban cycles. Thus it is normally only the first brick that is heated in the first light off phase and hence the second brick acts as a thermal heat sink. This means that the downstream catalyst brick face may not be the best location to determine the catalyst light off. The centre thermocouple located between the two bricks is likely to be the best place to determine the catalyst light off using the temperature rise from catalytic activity.
The catalyst gas temperatures Tg14,15 and 16 are shown in Fig.12a and b for winter and summer conditions. These results confirm that the central temperature between the two bricks rises to the highest temperature and demonstrates a clear catalyst light off, when compared with the inlet gas temperature. This central temperature is higher than the downstream temperature for most of the test period, indicating the effect of the thermal inertia of the downstream brick. The catalyst light off temperature was determined as the time at which the central gas temperature thermocouple T15 became hotter than the inlet gas temperature. The summer and winter light off times are compared in Fig.13 . Comparison with Fig.6 show much lower light off times, by a factor close to 2. Also, there is a lower difference between summer and winter using the central gas thermocouple. Essentially, the light off time in Fig.13 is for the front brick and the light off time in Fig.6 is for the rear brick. This can also be shown by comparing the time at which the downstream gas temperature T16 is continuously hotter than the inlet. Figs.12a and 12b show that this is at 360s in winter and 200s in summer, in excellent agreement with the inlet and outlet catalyst face temperature light off times in Fig.6 . For cold start emissions control it is the light off of the first brick that is important, but having both bricks active is important in terms of achieving the best catalyst conversion efficiency. 
COMPARISON WITH EURO 3 REGULATIONS
The overall fuel consumption for the four laps of the Leeds urban drive cycle was 13.9 liters per 100 km under summer driving conditions. This measurement was not available for all tests as there was no accurate on board fuel consumption meter. It is considered that a comparison of the present emission results with the ECE test cycle standards should be done by converting the standards from units of g/km to g/kg fuel, using the test cycle fuel consumption for vehicles of this type. The fuel consumption for Ford vehicles with 1.8 litre Zetec engines are in the range 10.4 to 11.0 l/100 km, as shown in Table 3 below. An average value of 10.7 l/100 km will be used. Taking the fuel density to be 750 kg/m 3 then the fuel consumption is 0.08025 kg/km. This is in reasonable agreement with the present measured value of 13.9 l/100 km, especially when it is taken into account that the EUDC cycle is not included in the present measurements. However, the greater number of acceleration and decelerations in the Leeds urban drive cycle is likely to increase the fuel consumption. Table 2 presents the Euro 1, 3 and 4 emission limits converted into g/kg fuel. The Euro 1 legislation summed the HC and NOx, to get separate figures the Euro 3 HC/NOx ratio has been applied to the Euro 1 legislation and then converted into g/kg fuel using the above 0.08025 kg/km fuel consumption. It should be remembered that in the Euro1 test procedure the first 40s idle of the cold start was not sampled, whereas in the present tests all emissions after the first engine firing were sampled into the bag. This is why the present summer CO results are a little higher than would be expected for a Euro 1 vehicle. The mean of the 4 laps, i.e. the mean of the four bag samples, is most relevant for comparison with the ECE legislated emissions, as the ECE test procedures produce an average result for the first four urban cycles and also include an EUDC, which was not simulated in the Leeds urban street cycle. Only the samples downstream of the catalyst need to be compared. 
REGULATED CO EMISSIONS AT -7 °C COLD START
In 2002 Europe introduced new regulations for low temperature tests, which cover -7 o C cold start tests aimed at the determination of CO and HC emissions in the cold start phase. This is to promote the development of new technologies for further control of CO and HC emissions under winter cold start conditions. The new low temperature test is to be carried out at -7°C over 4 repeats of the urban driving cycle. The limits for CO and HC are 15 g/km and 1.8 g/km respectively for cars and light commercial vehicles (26). Similar regulations have also been introduced in the USA. These -7 o C cold start regulations are converted into g/kg fuel in Table 3 . To do this the published fuel consumption data over the ECE test cycle was used (27). Table 3 shows the fuel consumption data for a range of vehicles similar to the Ford Orion Euro 1 vehicle that was used in the present work. The data for 1.8 litre engine vehicles is most relevant for the present comparisons. However, it should be stated that Euro 1 vehicles were not designed and developed to pass the current -7°C cold start test.
In the present work the influence of ambient temperature on the first cold start was determined separately from the influence over four cycles, as in the ECE cold start procedure. Thus the correct comparison with the new ECE cold start procedure is with the average of the four bags under cold ambient temperature conditions. 
COMPARISON OF EMISSIONS BETWEEN SUMMER AND WINTER FOR WHOLE FOUR LAPS OF THE LEEDS URBAN TEST CYCLE
Each lap of the Leeds urban test cycle had an exhaust sample taken into a pair of bags. The composition of this represented the average emissions for that road journey. The detailed sampling procedures and their limitations have been discussed above. The emissions results are presented in the following graphs as a function of the number of the test cycles, from the cold start bag 1 through bags 2 and 3 to the last bag 4, which is normally representative of the emissions with a fully warmed up engine and catalyst. The simultaneous measurement of the engine and catalyst out emissions also enabled the catalyst efficiency to be determined for each lap of the urban test cycle.
The measured bag concentrations were converted to EI mass units, as discussed above. Crucial to this conversion is the bag air/fuel ratio, determined by carbon balance from the bag composition. Although in many tests the bag air/fuel was close to the stoichiometric value, it was normally leaner. This was due to two factors: firstly the engine management involved fuel cut off during deceleration; secondly any small air leaks in the sampling system. The bag sampling system operated continuously and so sampled air when the engine was not fuelled. Also the condenser and filter unit were upstream of the sample pump and hence operated under negative pressure. This could result in small air leaks if the connections were not fully sealed, which could not be checked prior to the test apart from visual observation.
In either case the net result is that the bag sample is effectively diluted from the stoichiometric value that the engine management system tries to control the engine. This results in the leaner than stoichiometric mixtures in the bag samples. However, this simply dilutes the samples and in the conversion to mass this dilution is cancelled out by the air/fuel ratio term that increases linearly with any dilution. The bag samples were found to be overall leaner in summer than in winter. This was considered to be due to more fuel cut-off under warm conditions. However, this was not directly determined. The HC emissions decreased from 34.1 g/kgfuel in the first phase of the test to 8.5 g/kgfuel in the second phase of the test, a 75% in reduction in HC within the first 8 minutes. A further reduction of 6.1 g/kgfuel in HC emissions was seen from phase two to phase three of the test. The summer results a similar reduction of HC emissions in the first 8 minutes. The HC emissions decreased from 11.7 g/kg fuel of the phase 1 to 2.5 g/kg fuel of the phase 2, a 79% reduction.
The differences in the HC emissions between hot summer and cold winter were negligible from the third gas sample bag onwards. This shows that the ambient temperature effect on Euro 1 vehicle HC emission in urban driving is limited to the first 3 km. However, a very large proportion of the number of journeys in a congested compact city such as Leeds is less than this distance. Also all the morning and evening commuter journeys are under cold start conditions.
The catalyst conversion efficiencies for each lap of the Leeds urban drive cycle were evaluated from the simultaneously sampled bag samples. The results are shown in Fig.15 . This shows the very poor conversion efficiencies during the first cold start lap with an increase in the efficiencies to 85% by the fourth lap. The difference between winter and summer is clearly shown by the lower efficiencies in winter with only the third lap showing 80% conversion efficiency.
The first bag HC -2 o C cold start emissions downstream of the catalyst were 34.1 g/kg fuel and this is substantially higher than the new regulations allow for a -7 o C cold start, as shown in Table 3 . However, by the third lap the bag 3 results show that in winter or summer the HC emissions with a fully warmed up engine and catalyst were for this Euro 1 engine below the Euro 3 HC limits. The differences between Euro 1 and Euro 3 vehicles and winter and summer cold starts is all in the cold start phase of the test cycles and this has the greatest influence in real world driving in congested urban cities.
For the average of all four phases from the cold start, as in the ECE -7 o C cold start the influence of the lower temperatures is much lower. The present results for average of the four phases has been extrapolated to -7 o C using the normalization procedures discussed below, which is pessimistic as the temperature dependence is taken as that for the first phase. However, the results in Table 3 show that the predicted four phase average results at -7 o C are higher than the -7 o C standard for CO but similar for HC. Obviously the present Euro1 vehicle does not have the fast warm-up strategies used in Euro 3 vehicles, but the present results indicate that these -7 o C cold start standards are not very arduous standards. CO EMISSIONS - Fig.16 shows the comparison of the CO emissions for the Leeds urban drive cycle under winter and summer conditions. Upstream of the TWC for the winter test, CO emissions decreased from 551 g/kg fuel for the cold start phase to 249 g/kg fuel for the second lap, a reduction of 55% in the engine out CO emissions. A further reduction of 127 g/kgfuel (48%) occurred from the second phase to the third phase of the test. There was little change afterwards. For the summer test results, smaller changes in CO emissions were found. There was a decrease from 158 g/kg fuel for the cold start to 89 g/kg fuel for the second lap, a reduction of 44%. There were no further reductions in engine out CO emissions for the next two laps. Downstream of the TWC, the winter results showed that CO emissions decreased continuously from the first phase to the third phase. The reductions were 344 g/kg fuel or 64% from the cold start lap one to lap two and a further 155 g/kg fuel or 88% from lap two to lap three. Fig.17 shows the catalyst CO conversion efficiency determined from the simultaneously sampled upstream and downstream bag samples. The results are very similar to those for the hydrocarbon conversion efficiencies in Fig.15 , although the final conversion efficiency is a little higher. The main difference is in the bag 2 winter sample, where a lower conversion efficiency for CO was found. The -2 o C cold start emissions for the first bag downstream of the catalyst were 520 g/kg fuel. This is well beyond the CO emissions regulation for -7 o C cold start, as shown by comparison with the values in Table  3 . This indicates that the new -7 o C cold start HC and CO standard raised a problem with the present Euro 1 vehicle.
By the third lap of the Leeds urban drive cycle the results in Fig.16 show that the CO emissions downstream of the catalyst are very low at less than 25 g/kg fuel for both summer and winter cold start conditions. The results are shown in Table 2 to be well below those for the Euro 3 legislation. Hence, as concluded for the HC emissions, the problems of cold start and the influence of ambient temperature are eliminated once the engine and catalyst are warmed up. Also the differences between engine technologies for Euro 1 and Euro 3 are all connected with techniques to warm the catalyst up faster. Once the catalyst is hot a Euro 1 engine has a very similar emissions performance to a Euro 3 engine.
Both summer and winter tests show similar trends in emissions. The data for lap 3 and 4 represent the emissions after warm up and are not affected by ambient temperatures. Very close HC and CO emissions for lap 3 and 4 between summer an winter tests could be used to illustrate that the repeatability of the tests is good.
ENGINE OUT COMBUSTION INEFFICIENCY -Under cold start the engine out HC and CO emissions contain significant energy content and hence make a significant contribution to the fuel economy deterioration under cold start conditions. The CO and HC emissions have been converted from an emission index (g/kg fuel) into the equivalent energy content and then divided by the fuel energy input to generate the combustion inefficiency. This is the combination of HC and CO mass emissions in energy terms. The results are shown as a comparison between winter and summer conditions in Fig.18 . Fig .18 shows a major influence of the ambient temperature on the combustion inefficiency. 15% of the energy in the fuel is not released in the engine at -2 o C cold start for the first lap of the Leeds urban street cycle. In summer this is down to 6%. Most of this inefficiency is due to the cold engine water, lubricating oil and piston temperatures during the first cold start. As shown above, in winter the water is hot by the end of phase 2 and the combustion inefficiency results show no further reduction for laps 3 and 4.
NOX EMISSIONS - Fig.19 shows the comparison of NOx emissions for the four laps for winter and summer tests. The catalyst upstream and downstream results are also shown. These results are quite different from the HC and CO results as engine out NOx emissions are reduced by cold starts. The lower air inlet temperatures and greater heat losses to cold surfaces both reduce the NOx emissions as they reduced the peak combustion temperatures. Thus the engine-out NOx emissions increase as the engine warms up. The increase was much greater in winter than in summer. It is considered that to overcome the higher engine friction with the colder lubricating oil, the throttle had to be further open and this would increase the NOx emissions relative to those under summer conditions. Cold start catalyst efficiencies, shown in Fig.20 , are also higher than for CO and HC. Euro 1 engines operate rich for a minute or so from cold start and the catalyst is active for NO reduction with rich mixtures at a lower temperature than for stoichiometric mixtures. The results in the summer test showed no effect of the engine warm-up on the engine out N 2 O emissions. After the catalyst the N 2 O emissions were increased in the first cold start bag. This was because the catalyst was in the critical temperature range for N 2 O formation during the first cold-start lap. The formation of N 2 O by the catalyst is seen as negative conversion efficiency when the results are expressed in terms of conventional conversion efficiency. These negative conversion efficiencies are shown in Fig.22 . The N 2 O formation problem is significant for the first 3 km in winter, but remained significant throughout the test period for summer conditions. The reasons for this are difficult to explain as the catalyst rear face temperatures in Fig. 11 is above 350 o C during the later phases of the test and hence above the critical temperature for N 2 O formation. However, it has been found in unpublished work by the authors that the N 2 O formation is sensitive to the engine out NO/HC ratio and this is quite different under summer and winter conditions. CO 2 EMISSIONS -The CO 2 emissions reflect the overall fuel consumption during the test cycles. The results in Fig.23 show that CO 2 emissions upstream of TWC in summer test was lower than that in winter test, indicating a lower fuel consumption. This was due to the lower friction losses created by the higher lubricating oil temperatures in summer cold start conditions. 
COLD START EMISSIONS AS A FUNCTION OF AMBIENT TEMPERATURE
The emissions in the first cold start lap of the Leeds urban test cycle had the highest catalyst out emissions for HC and CO, as discussed above. These cold start emissions were investigated as a function of ambient temperature. The trends of CO and HC emissions as a function of temperature will allow extrapolation so the -7 o C cold start emissions can be predicted and compared with the standards in Table 3. HC EMISSIONS - Fig.24 shows the hydrocarbon emissions as a function of ambient temperature for the cold start phase of the Leeds Urban test cycle. The curve fit results show a clear trend of hydrocarbon emissions in inverse proportion to ambient temperature over the temperature range from 15 to -2 o C both upstream and downstream of the TWC. There was minimal catalytic activity and the trends are thus controlled with the engine out emissions and the factors that influence water and lubricating oil warm up. The HC emissions at -7°C can be predicted by extrapolation of curve fit in Fig.24 and the result is 45 g/kg fuel for HC. Comparison with Table 3 shows that this is well above the allowable -7 o C cold start regulations. Euro 1 vehicles do not have to meet these regulations and the faster warm-up of the catalyst that is inherent in the design of Euro 3 compliant engines, should make the regulations in Table 3 easier to meet. However, these results show that in winter cold start hydrocarbon emissions will be a major problem as these HC emissions are 20 times the level for a Euro 1 engine with a fully warmed up catalyst. Hence, these cold start effects are only important in urban driving, where cold starts occur. Hence, they are very relevant to air quality concerns in congested cities such as Leeds.
CO EMISSIONS -The cold start CO emissions showed a similar trend with ambient temperature to that of the HC emissions as shown in Fig.25 . The influence of ambient temperature on CO emissions was greater than that on HC emissions. This was due to the nature of combustion process in SI engines. CO is an equilibrium combustion product for rich mixtures and rich mixtures are used under cold start conditions in Euro 1 SI engines. Equilibrium CO emissions can be as high a 10% for mixtures that are 50% rich. The extent of the cold start over fuelling usually increases as the ambient temperature decreases. These equilibrium effects are in addition to any combustion inefficiency sources of CO emissions, which are related to the sources of HC emissions. The cold start CO emissions as a function ambient temperature in Fig.25 may be extrapolated from curve fit to enable the emissions at -7 o C to be determined. This is done in Fig.25 and the results are cold start CO emissions of 690 g/kg fuel. Comparison of this result with the legislated levels is made in Table 3 and this shows that these levels are well above the legislated levels by a factor of 4. Thus the new -7 o C cold start CO standard is arduous to Euro 1 vehicles.
NOx EMISSIONS - Fig.26 shows the NOx emissions as a function of ambient temperature for the cold start phase of Leeds urban test cycle. The NOx emissions with curve fits showed a different trend to those for HC and CO emissions. There were no consistent trends with temperature for both engine out and catalyst out emissions. The reason was that engine out NOx emissions are reduced by cold conditions as the engine metal, water and lubrication oil temperatures are all cold and this cools the combustion, which decreases the NOx formation. Counteracting this trend is the increase in NOx due to the higher throttle angles required to overcome the increased friction losses as the ambient temperature becomes cooler. Set against these trends is the increase in the catalyst activity for the rich mixtures used in cold starts, as the catalyst is warmed-up. CO 2 emissions downstream of TWC increased with the rise of ambient temperature as the time for the light-off of catalyst was shortened and the efficiency of catalyst was improved and thus more CO and HC were oxidized into CO 2 . The catalyst conversion efficiency for HC and CO increased with increase in ambient temperature and the effect was stronger for CO. This was because the catalyst heated up faster as the ambient temperature increased. This was due to the reduction in temperature of the engine and exhaust metal components and the reduction in the coolant and lubricant temperatures as the ambient temperature decreased.
In contrast with the trend of HCs and CO, the conversion efficiency of the catalyst for NOx decreased with the increase of ambient temperature. When ambient temperature increased from sub-zero in cold winter to 30°C in hot summer, the conversion efficiency of NOx within the first four minutes of cold start was decreased from 50% to 20%. This was mainly due to the increase in engine out NOx at low temperatures due to the greater throttle angle necessary to overcome the higher friction losses with the cold lubricating oil.
To extend the prediction of CO and HC emissions at -7°C to other engines, the CO and HC emissions as a function of ambient temperature were normalized to the value at 25°C. Thus the CO and HC emissions at -7°C can be calculated from the values at 25°C, in which the emissions tests are normally conducted. Assuming that the influence of ambient temperature on emissions is the same relative effect as found in this work the emission for any vehicle could be predicted at lower ambient temperatures. The results with curve fits are shown in Fig.30 . The HC emissions at -7°C are predicted to be nearly five times as high as those at 25°C. The CO emissions are predicted to be nine times as high as those at 25°C. 
CONCLUSIONS
The Leeds urban street driving cycle test was similar to ECE15 urban cycle and yet represented real world driving patterns in the minor roads of congested cities.
1. The direct exhaust dry gas bag sampling technique was shown to give sensible mass emissions results and the performance of the tested Euro 1 vehicle under summer temperature test conditions was in agreement with the Euro standards.
2. The engine needed at least 5 minutes after cold start to reach full warmed up condition in terms of the coolant water temperature and 10 minutes in terms of engine oil. A decrease in the cold ambient temperature increased this period significantly.
3. The shortest time for the light off of the TWC was three minutes after a cold start in hot summer temperatures. The time required for the light off of TWC in cold winter was doubled.
4. Comparison of emissions between summer and winter tests showed that the first bag of gas samples (taken in the first 4 minutes after the cold start) had the highest emissions. This first cold start phase of urban driving test played a more important role on emissions than next three phases.
5. The significant differences of emissions between cold winter and hot summer were seen during the first and second phase of the test, particularly the first phase of the test. When the engine was fully warmed up there were little differences on HC, CO and NOx emissions between summer and winter conditions.
6. HC emissions were reduced by a factor of 5 downstream of the TWC during the cold start phase of the test when ambient temperature increased from -2 to 31.5°C.
7. CO emissions in the first phase of the test were reduced by a factor of 9 (downstream) when temperature rose from -2 to 31.5°C
8. There was no correlation between NOx emissions and ambient temperature 9. N 2 O emissions upstream of TWC did not vary with ambient temperature during the engine cold start but were mainly affected by activity of TWC, which increased the N 2 O emissions as the ambient temperature increased.
10. The conversion efficiency of the TWC during the cold start phase of the tests was increased by up to 50% for CO and 20% for HC when ambient temperature increased from sub zero to 30°C.
11. When this EURO 1 car was fully warmed up, the HC and CO emissions could meet the requirement of EURO 3 legislation on the Leeds urban driving test cycle.
12. This Euro 1 vehicle could meet the Euro 3 -7°C cold start legislation for HC emissions but not for CO emissions. This indicated that low temperature legislation at -7°C is very arduous for CO and HC emissions.
